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With increasing energy demands worldwide, significant efforts have been made to develop 
superior electrocatalysts for efficient energy conversation systems. Among all the 
electrocatalysts exploited, Pt-based bimetallic nanomaterials stand out by virtue of their high 
catalytic activity and relatively low cost due to the introduction of non-precious metal 
component. It should be noted that electrocatalytic reactions only take place on the surface of 
catalysts, so investigations of the surface composition of Pt-based bimetallic nanomaterials 
are very necessary for practical electrocatalysts. In this review, we summarized recent studies 
on controlling the surface composition of Pt-based bimetallic catalysts for the oxygen 
reduction reaction (ORR), formic acid electro-oxidation, and ethanol electro-oxidation. The 
controlling strategies, including the chemical method and the electrochemical method, are 




performance are also discussed. Finally, the challenges and future directions for controlling 
the surface composition of Pt-based bimetallic nanomaterials are addressed. 
 
1. Introduction 
The energy demand is expected to rise 36% over the immediate need by 2030.[1] With 
the severe environment pollution and shortage of fossil fuels, clean and efficient 
energy sources are strongly appealed by researchers. Fuel cell is a green energy device 
with converting chemical energy into electrical energy, which has attributed increasing 
attention.[2-4] In particular, proton exchange membrane fuel cells (PEMFCs), direct 
formic acid fuel cells (DFAFCs) and direct ethanol fuel cells (DEFCs) have been 
regarded as a series of promising power devices, which show high efficiency and high 
energy density.[5-9] Although the fuels are different, all of them contain an anode (fuel 
electro-oxidation), a cathode (oxygen reduction) and an electrolyte;[10,11] the rates of 
these oxidation or reduction reactions are strongly depended on electrocatalysts, which 
determine the energy conversion efficiency.[12-15] Among these metal electrocatalysts, 
platinum (Pt) exhibits the best activity for formic acid electro-oxidation, ethanol 
electro-oxidation and oxygen reduction. However, pure Pt electrocatalyst faces several 
severe shortages, which limit its wide application in fuel cells. First, for formic acid 
and ethanol electro-oxidation on pure Pt, the poisoning phenomenon (poison 
intermediates adsorption) usually happens on the surface of Pt, which will significantly 
decrease its electrocatalytic performance.[16-20] Second, for cathodic reaction, the 
oxygen reduction on pure Pt is sluggish.[21-24] Third, Pt is noble metal, which is limited 
reserve in nature. Therefore, how to reduce the Pt content and at the same time 
maintain its electrochemical performance are critical to achieve the commercialization 




Bimetallic nanomaterials play an essential role in electrochemical energy conversion 
and storage, such as in fuel cells and metal-air batteries.[25-27] Unlike their 
monometallic counterparts, bimetallic nanomaterials ordinarily present better 
performance beneficial from synergistic effects, which means that the electrochemical 
performance of the whole will be superior than the sum of its parts.[28-30] In the case of 
the noble metals (especially Pt), their high cost and scarcity are obstructing the 
commercial viability of fuel cells.[31-34] Reducing the Pt loading without compromising 
its performance is the target of electrocatalytic investigations.[35-37] The typical 
approach is to incorporate with another metal, which could obtain better performance 
with much prolonged duration than the traditional commercial Pt/C. There are a great 
quantity of works on Pt-based bimetallic electrocatalysts, such as alloying Pt with 3d-
transition metals, including Fe,[38, 39] Co,[40-42] Ni, [43, 44] and Cu[45, 46]. PtM (M = Fe, Co, 
Ni, etc.) bimetallic nanomaterials have been demonstrated to be promising 
electrocatalysts, which strategic enhancement and development of the performance of 
commercial Pt/C electrocatalyst; and fundamental researches have shown that the 
enhanced catalytic activity originates from the modified electronic structures and 
geometric structures of Pt in these alloy catalysts.[47-49]  
It is a remarkable fact that these electrocatalytic reactions merely occur on the surface 
of the electrocatalysts.[28, 50] Thus, the surface constituents of electrocatalysts determine 
the adsorption/desorption behaviors of the reactants and intermediates during the 
electrochemical reaction. Therefore, the catalytic reactions mechanisms and 
efficiencies strongly rely on the surface composition of these catalysts.[51-54] Based on 
this view, the goal, reducing the Pt loading without a loss of catalytic performance, is 
able to be achieved by tuning the compositional segregation of the bimetallic 
electrocatalysts surface. Some studies have been carried out to control the surface 




structure and Pt-rich surface. [55-58] There are four forces that could drive segregation at 
the surface of bimetallic nanomaterials: (1) two different atoms (A and B) that are 
mismatched in atomic size will cause strain energy between A and B atoms. Because 
of the lattice mismatch, the larger one tends to occupy the surface sites; (2) the element 
with lower surface energy migrates to the surface of bimetallic nanomaterials; (3) the 
size and temperature also affect the surface composition. Smaller dimensions and 
higher temperature could increase the atomic diffusion distance and expedite the 
diffusion rate, so as to finally affect the alloying process; (4) Adsorbent (such as CO [59, 
60]) that could bind strongly to one element will pull the element out to the surface. 
These factors enable the feasibility of controlling the surface composition of bimetallic 
nanomaterials. Nevertheless, it is not easy to tune the surface composition of bimetallic 
nanomaterials; in actually, these factors all contribute to the surface composition of 
nanomaterials. This means the surface composition of bimetallic nanomaterials could 
be modified by the nanomaterials size, reaction temperature and the adsorbent. For 
example, the size of Au-Ag nanomaterials could induce its surface segregation 
phenomena.[61] Meanwhile, for PtNi bimetallic nanomaterials, different atmospheres 
and annealing temperatures will result in various of surface composition.[62] There are 
only a limited number of experimental works in the field of PtM bimetallic 
nanomaterials, however, which are far from sufficient to understand the fundamental 
principles controlling the surface composition in PtM bimetallic nanomaterials.[28] 
With the purpose to fill in this gap, in this review, we systematical and comprehensive 
summarize the widely used methods to control the surface composition of PtM 
bimetallic nanomaterials and their electrocatalytic reactions applications. Controlling 
the surface composition is a critical issue for PtM bimetallic nanomaterials, which 
plays an important role in their electrochemical properties. The approaches to tune the 




bimetallic nanomaterials influence electrocatalytic reactions, such as the oxygen 
reduction reaction (ORR), and formic acid and ethanol electro-oxidation reaction, are 
discussed in details. Significant attentions are also paid on our current understanding 
on the synthesis mechanism and their electrocatalytic application, to explore their 
fundamental design principles. We hold the view that controlling the surface 
composition is a challenge but also an opportunity for the advancement of PtM 
bimetallic nanomaterials. 
 
2. Controlling the surface composition of PtM bimetallics 
 
2.1. Chemical method 
 
The chemical method is an effective strategy to synthesize specific surface 
composition of PtM bimetallics, which is easy to scale up.[63, 64] Currently, the most 
commonly used chemical methods to control the surface composition include the 
controlled thermal treatment method (CTTM), the wet chemical method and the 
combination of these two methods. CTTM is a simple method to tune the surface 
composition of bimetallic nanomaterials and is suitable for large-scale production.[65] 
By controlling the H2 reduction temperature and time, core–shell structured Pt–Pt3Co 
nanoparticles with 2–3 atomic-layer Pt shells (Pt3Co@Pt) could be obtained,
[66] even 
Pt-skin on Pt3Co (or Pt3Ni) bimetallic materials.
[67, 68] Figure 1a is a schematic 
illustration of the Pt-skin of Pt3Ni bimetallic nanomaterials synthesized using 
CTTM.[68] The precursor mixtures (containing Pt precursor and Ni precursor) usually 
are dispersed into solvents, and then these mixtures are ultrasonicated before the 
solvents evaporate. Finally, by controlling the thermal treatment, Pt-skin on well-
dispersed Pt3Ni bimetallic nanoparticles can be obtained. The reason why CTTM could 




phenomena in the bimetallic nanomaterials.[69-71] Pt has negative segregation energy, 
and Ni (or Co) has positive segregation energy; hence, Pt tends toward surface 
segregation.[68, 72-74] Nevertheless, without enough energy, Pt cannot segregate on the 
surface of the bimetallic, and the surface compositions tend to be in the form of PtM 
alloys.[68] The common strategy is that, when the precursor mixture is reduced, high 
temperature is applied into the reaction system, which will offer enough energy to form 
a Pt-skin or even a 2-3 atomic-layer Pt-shell (Figure 1b-1g). Moreover, the thermal 
treatments also provide a powerful strategy to synthesis of the nanoparticles coated 
with carbon shell. As shown in Figure 1h,[75] when disordered PtFe nanoparticles are 
synthesized, dopamine hydrochloride solution is applied to coated polydopamine. 
Finally these mixtures are treated by thermal annealing, the N-doped carbon-coated 
PtFe nanoparticles obtained. Meanwhile, this high temperature also could help 
disordered PtFe nanoparticles to form order phase.  
CTTM is a powerful method to control the surface composition, but when faced with 
some nanomaterials with specific shapes, it may be quite helpless, because the high 
temperature treatment could ruin the specific shape.[76] The wet chemical method is 
then a good choice, which can effectively exploit the structural evolution of bimetallic 
nanomaterials.[77] It is well known that the experimental conditions in the synthesis 
process, such as the growth time, solution temperature, pH, and precursor ratio, could 
all significantly affect the degree of alloying and the composition of the bimetallic 
nanomaterials.[29, 78-81] Thanks to the abundant literature from many research groups 
around the world, there is an extensive collection of work on the synthesis of bimetallic 
nanomaterials with Pt surface segregation. For example, Niu et al[82] reported the 
evolution of phase segregation from Ni-rich shells to Pt-rich shells by controlling the 
growth time, as shown in Figure 2a. The grown time is a vital factor, and by 




tuned from Ni-rich shells to Pt-rich shells.[82] Moreover, apart from the growth time, 
the growth temperature also has an effect on the bimetallic nanomaterials. By adjusting 
the reaction temperature, Pt-covered bimetallic nanomaterials could be obtained.[83] In 
additional, the reducing agents also play an influence on the surface composition of 
nanomaterials. A good example is that during the preparation of PtPb nanoparticles 
progress, when ascorbic acid is applied as reducing agent to replace phenol, PtPb 
nanoplate with ~ 1.0 nm Pt shell thickness could be obtained.[84] Moreover, the amount 
of surfactant and precursors also has a significant influence on the surface composition 
of PtM bimetallic nanomaterials.[85-87] For example, by controlling the amount of 
cetyltrimethylammonium chloride (CTAC) and Co(acac)2, Pt-rich facets and ordered 
intermetallic hierarchical Pt3Co nanowires could be obtained.
[40] Moreover, two steps 
reduction method is also a great way to control the surface composition: firstly, prepare 
the seed; then the containing the Pt precursor is added into the seed solution, and 
reduced by reducing agent.[88, 89] Zhang et al. also pointed out that, by controlling the 
molar ratio between Pt and Pd, and the solution pH, and then using the one-step 
microwave heating method, Pd@Pt core-shell nanostructures could be easily obtained. 
[90]  
Despite wet chemical method merits, it also face a mainly problem to solve, that is the 
surface atoms are usually random. To precise tune the surface composition of 
nanomaterials, when PtM nanomaterials are prepared by wet chemical firstly, they 
could be treated at the thermal treatment. For example, Chen et al.[91] used PtNi3 
nanopolyhedra (~20.1 nm) as starting materials. The PtNi3 nanopolyhedra were 
transformed by storing them in hexane under ambient conditions for 2 weeks. Pt3Ni 
nanoframes were then obtained; because the PtNi3 nanopolyhedra were eroded from 
the interior to the surface to form hollow structures. These hollow Pt3Ni nanoframes 




the atmosphere of the thermal treatment is significantly impact the surface composition 
of the nanomaterials. When Pt-Ni nanowires, prepared by wet chemical method, are 
annealed in the H2/N2 (5 : 95), the Pt-Ni nanowires have minimum phase and structure 
changes. By contrast, when the thermal annealing is in air, the high density of 
NiOx/Pt3Ni interfaces could be obtained.
[92]  Chemical dealloying, combing chemical 
method with thermal treatments, is an powerful strategy to acquire a Pt-rich surface, 
even a Pt-skin surface on bimetallic nanomaterials.[86] By selecting an appropriate PtM 
bimetallic as starting precursor and then dissolving the surface of the non-Pt 
component in an acid medium, a Pt-skeleton on the PtM was obtained. Finally, these 
Pt-skeletons on PtM bimetallics were annealed at 400 ⁰C, forming a multilayered Pt-
skin on the PtM bimetallic, as shown in Figure 2c.[93] To investigate the chemical 
dealloying mechanism, Lai et al[94] applied extended X-ray absorption fine structure 
(EXAFS) and X-ray absorption near-edge structure (XANES) observations to study the 
dealloying process of Pt-Co. They found that the Co-Co bonding dissolved gradually 
during the chemical dealloying procedure. Furthermore, the Pt-skin feature was 
damaged if the chemical dealloying lasted too long. This is because the electrolyte 
could go through the Pt-skin surface into the core and dissolve the Co. Interestingly, by 
selectively dissolving non-Pt metal in the electrochemical dealloying process, we could 
obtain porous/hollow bimetallic nanomaterials. For example, Wang et al.[95] immersed 
Cu3Pt/C ordered intermetallic nanomaterials in 1 M HNO3 for 2 days under continuous 
magnetic stirring, and a porous Cu3Pt/C structure was obtained. 
 
2.2 Electrochemical method 
Compared with the chemical method using common reducing agents and surfactants, 




Pt surface segregation on bimetallic nanomaterials.[96-98] Galvanic replacement, driven 
by the difference in electrochemical potentials between a sacrificial metal and another 
metal ion, usually is applied for the synthesis of Pt monolayers.[99-101] For example, a 
series of Pt monolayers on bimetallic nanomaterials was acquired by the galvanic 
displacement of a Cu monolayer by Pt, as shown in Figure 3a.[102]. It is an excellent 
way to reduce noble metal content by using the nonnoble metals as cores; in additional, 
the nonnoble metals cores would also affect the electronic structure Pt monolayer, 
maintaining a high activity. 
Electrochemical modification is also usually applied to the synthesis of nanostructures 
with a different element decorating Pt surfaces.[103-105] The surface modification is also 
known as “electrocatalysis by adatoms”, which modify Pt surfaces with adsorbed 
second atoms.[106-108] For example, Bi could decorate tetrahexahedral Pt nanocrystals 
by means of voltammetric cycling in a solution containing Bi3+. By controlling the 
number of cycles, different Bi coverage of tetrahexahedral Pt could be obtained, and 
the Bi coverage could be evaluated by the blockage of hydrogen adsorption charge[108]: 
θBi = 1- θH                                                           (1) 
When this strategy is applied to the PtM bimetallic nanomaterials as electrocatalysts, 
we could obtain electrocatalysts with various surface compositions from Pt-rich to Pt-
lacking.   
It is notably that in acid solution, some nonnoble metal could dissolve from PtM 
bimetallic electrocatalysts, which lead to that the morphology and surface structure of 
PtM will change after electrochemical scanning. Cui et al[110] have demonstrated that 
for PtxNi1-x octahedra, under the electrochemical condition, Ni will selectively leached 
and favours the formation of Pt-rich structure, as shown in Figure 3b. The nonnoble 
metal dissolution will reshape the electrocatalyst morphology, and it provides us with a 




that is electrochemical dealloying method. In general, the PtM bimetallics are 
electrochemically dealloyed by potential cycling between 0.06 and 1.0 V (vs. 
reversible hydrogen electrode (RHE)) for a number of cycles in acid based solution.[111] 
The ratio of Pt to M in the starting precursor and the size of PtM nanostructures have a 
significant effect on the final bimetallic structures. Gan et al.[111] used an 
electrochemical dealloying method to dissolve Ni in PtNi, PtNi3, and PtNi5; and they 
found that there is a trend towards enrichment of Ni near the surface in spherical 
particles of dealloyed (D)-PtNi3 and D-PtNi5 bimetallics, resulting in the formation of 
Ni-enriched inner shells; nevertheless, the D-PtNi presents a core–shell structure, as 
shown in Figure 4a. The electrochemical dealloying of non-noble metals from PtM 
bimetallics could alter the surface electronic structure of Pt shells, and finally affect 
their activity.[101]   
Oezaslan et al[112] studied the processes occurring at the atomic level during the 
electrochemical dealloying of Pt-Co and Pt-Cu precursor bimetallic nanomaterials, and 
they found that there are three distinctly different size-dependent types of morphology, 
as shown in Figure 4b. Therefore, the surface composition of bimetallic nanomaterials 
after electrochemical dealloying will be slightly dependent on size: for small 
nanoparticles, they will form core-shell nanoparticles; [95] in the case of lager particles, 
porous multiple core-shell particles will emerge. These numerous voids could increase 
the electrocatalysts surface area, and result in higher activity.[95]   
3. Application of Pt surface segregation of PtM bimetallic nanomaterials  
3.1 ORR 
Fuel cell is a promising green energy technology; nevertheless, the scarcity and high 
cost of Pt catalysts hinder its commercialization. In addition, the sluggish kinetics of 




cell.[113-116] Basis on these factors, it is of significant interest to develop more active 
electroactlysts, and meanwhile get a deeply understand of the ORR mechanism. In 
general, the ORR follows two types of reaction mechanism: direct four electron 
reduction or two electron reduction. In an acid medium, for the four-electron reduction 
pathway, O2 is reduced and combined with H
+ to form H2O; the overall reaction is 
shown in Eq. (2): 
O2 + 4H
+ + 4e- = 2H2O                                                (2) 
The two electron reduction mechanism is generally disfavoured in practical operation 
for the ORR as involving the intermediate H2O2: 
 O2 + 2H
+ + 2e- = 2 H2O2                                             (3) 
H2O2 + 2H
+ + 2e- = 2H2O                                           (4) 
A well accepted reaction mechanism, which intermediate H2O2 could be stable 
intermediate species, was first presented by Wroblowa et al,[117] as shown in Figure 5a. 
Density functional theory (DFT) results indicate that this direct four electron reduction 
also occurs through different possible intermediates. As shown in Figure 5b, there are 
three main mechanisms in an acidic medium.[118] For mechanism 1, firstly, O2 adsorbs 
on the electrocatalyst surface, and then, by breaking the O-O bonds, surface-absorbed 
hydroxyl groups could be obtained. This pathway is favoured for proton exchange 
membrane fuel cells (PEMFCs) above the other two mechanisms. Based on this 
mechanism, it is extremely important to tune the Pt surface composition of bimetallic 
nanomaterials for the ORR. This is because the substrate metals are promising for 
modifying the electronic structures of the Pt surface, and will significantly affect the 
performance of these electrocatalysts towards the ORR.[119] A good example is a report 
of Stamenkovic et al.,[120-122] where they controlled the surface composition of Pt3M 
bimetallic nanomaterials (M = Co, Ni, and Fe) to achieve: 1) a random surface, which 




consisted of 75% Pt and 25% M; and 3) a Pt-skin surface, which was composed of 
100 % Pt. The Pt-skin structure of Pt3Co, with Co enrichment in the second layer, 
exhibited the best activity among the three Pt-skin Pt3M bimetallics in 0.1 M HClO4, 
which was 4 times as high as for pure Pt. The reason of the enhancement for the Pt-
skin structure is that OHad has a more positive potential on the Pt-skin surface; and this 
electronic structure is induced by the second outermost M element. In addition, they 
also provided evidence that the enhancement order is Pt-skin > Pt-skeleton > Pt 
random. 
It is well known that alloying could alter the electronic properties of Pt; in turn, it can 
change the adsorption properties of Pt and thus enhance the performance of bimetallic 
nanomaterials.[123-125] Meanwhile, the non-noble-metal alloy elements also affect the 
activity of the bimetallic nanomaterials. For example, the activity of Pt3Co, 
experimentally measured, is better than those of Pt3Ni, Pt3Fe, and Pt3Ti, although the 
DFT results indicate that the activity of Pt3Ni is better than that of Pt3Co,
[126] shown in 
Figure 6a. The structure of atoms on the surface also plays an important role in the ORR 
electrocatalyst performance. To identify how the different crystal facets of Pt3M will affect 
the ORR performance, single-crystal electrodes with Pt-skin of Pt3Ni (111), Pt3Ni (100), and 
Pt3Ni (110) were introduced into this reaction.
[127] The three outermost layers of these three 
catalysts are identified as follows: the innermost is Pt-rich, with 87% Pt; the second outermost 
is Ni-rich, with a Ni content of 52%; the outer layer is Pt-skin, with 100% Pt. The ORR 
activity of the three different possible facets is as follows: Pt-skin of Pt3Ni (100) < Pt-skin of 
Pt3Ni (110) < Pt-skin of Pt3Ni (111). Meanwhile, the ORR activity of the Pt-skin of Pt3Ni 
(111) is 10-fold more active than the current state-of-the-art Pt (111) and commercial Pt/C 
catalyst, as shown in Figure 6b.  
Furthermore, Huang et al. surface-doped the Pt-skin surface of Pt3Ni octahedral 




investigate their ORR performance.[128] Although when the oxygen binding energy of 
Pt3Ni (111) is about 0.2 eV less than that of Pt (111), its ORR activity could reach 
maximize.[126] DFT results indicated that the oxygen binging energies of the sites near 
the edge are too strongly, and the sites near the facets are too weakly; surprisingly, Mo 
atoms tend to occupy the subsurface positions near the edges, which will modify the 
oxygen binding energeis closer to the 0.2 eV, and enhances the stability and activity of 
Pt3Ni/C, as shown in Figure 6c. Mo-Pt3Ni/C showed the best ORR performance, with a 
mass activity of 6.98 A/mgPt, which is 73 times higher than that of commercial Pt/C 
(0.096 A/mgPt). 
 
3.2 Formic acid electro-oxidation 
The H2-polymer electrolyte membrane fuel cells restrict by the potential dangers in the 
transportation and use of H2, and low energy density.
[129-131] The direct formic acid fuel cell 
(DFAFC) has drawn much attention due to the fact that formic acid processes several 
significant advantages, such as lower crossover through Nafion® membranes and less 
toxicity.[132-136] At room temperature, formic acid is liquid, which is easy transport; besides, it 
is environment friendly, which is approved as a food additive by the US Food and Drug 
Administration.[137, 138] It is well known that formic acid electro-oxidation takes place on Pt-
based electrocatalysts via the dual-pathway reaction mechanism. Two reaction mechanisms 
are possible[139, 140]: one is the direct pathway mechanism: 
HCOOH= CO2 + 2H
+ +2e-                                                       (5) 
And another is the dual pathway mechanism:  
HCOOH= COad + H2O = CO2 + 2H
+ +2e-                               (6) 
It is widely accepted that for pure Pt, formic acid electro-oxidation proceeds through the dual 




poisoning intermediates always form on at least two or more contiguous Pt surface sites, 
which blocks the direct electo-oxidation of HCOOH.[141, 142] Therefore, exploring highly 
active catalysts that are capable of direct electro-oxidation of HCOOH is heavily dependent 
on tuning the surface composition of bimetallic nanomaterials.  
Abruña’s group demonstrated that Pt/Biads and PtBi intermetallics could enhance the catalytic 
activity of Pt electrodes towards formic acid oxidation.[143, 144] Feliu’s group also 
demonstrated that the Biads could yield the so-called “third body effect”, and with increasing 
Bi coverage, HCOOH would be electro-oxidized to CO2 without the poisoning 
intermediates.[145, 146] Li et al.[147] introduced a reliable synthetic method that enables PtBi 
intermetallic to be supported in ordered mesoporous carbon voids, and realised excellent 
catalytic performance for HCOOH electro-oxidation. Furthermore, Zhang et al.[65] explored 
how the different surface composition from Bi-rich to PtBi intermetallic surface of PtBi 
bimetallic nnaometerials could affect the formic acid electro-oxidation. PtBi intermetallic 
with a Bi-rich surface showed higher mass activity and more stability than unmodified PtBi 
intermetallic and pure Pt/C towards HCOOH electro-oxidation, and in situ Fourier transform 
infrared spectroscopy (FTIRs) indicated that both PtBi intermetallic via direct electo-
oxidation, as shown in Figure 7a. DFT results offered a detailed mechanism of Bi[148]: for 
PtBi intermetallic, HCOOH is first physisorbed on Bi, and then deprotonated and 
chemisorbed in the form of HCOO-, without barrier; as a consequence, these two processes 
could happen simultaneously. Moreover, the C-H bond of HCOO- favourably depends on 
configuration of Bi, and then is cleaved on the neighbour Pt sites, forming CO2, as shown in 
Figure 7b.  
PtPd,[149-151] PtPb,[152, 153] PtCu,[154,155] PtRu,[156,157] PtAu,[158,159] and PtFe[160,161] ect bimetallic 
nanomaterials also have been proved to be excellent catalysts for HCOOH electro-oxidation. 




obtain different activity towards HCOOH electro-oxidation. For example, when the atomic 
ratio of Pd : Pt is to 6: 1(Pd6Pt1), it would achieve highest mass activity in HCOOH electro-
oxidation among Pd4Pt1, Pd2Pt1, Pd1Pt1 and Pt/C.
[153] Tuning the surface composition of 
bimetallic nanomaterials could also yield an amazing effect. A good example is that, by 
tuning the surface of Pt3Ni from Pt-skin to Ni-rich, the mass activity in the ORR is decreased 
but increased in that of the HCOOH electro-oxidation.[68] In addition, in situ FTIR spectra 
demonstrated the electro-oxidation of HCOOH on a Ni-rich surface of Pt3Ni takes place via 
the direct pathway, without forming poisoning intermediates; however, the Pt-skin structure 
of Pt3Ni goes through the dual pathway mechanism, formation of poisoning intermediates, as 
shown in Figure 8. [68]  
3.3 Ethanol electro-oxidation 
Direct ethanol fuel cells (DEFCs) represent one of the most promising renewable energy 
applications, which have many obvious advantages, such as low toxicity, high energy density, 
and inexhaustible availability from biomass, when compared with the proton exchange 
membrane fuel cell.[162-164] The mechanism of ethanol electro-oxidation on Pt-based catalysts 
has been well studied,[165, 166] and it is established that the CH3CH2OH electro-oxidation 
involves two parallel oxidation pathways: one is the complete oxidation pathway (C1 pathway) 
and another is the partial oxidation pathway (C2 pathway)[167-170]. The detail of the 
mechanism is shown in Figure 9a: the C1 pathway with the transfer of 12e- is accompanied 
by breaking the C-C bond, resulting in the formation of CO2 or CO3
2- or HCO3
2-. For the C2 
pathway, ethanol is incompletely electro-oxidized to acetate, with the transfer of 4e-. 
Although DEFCs have great potential, CH3CH2OH electro-oxidation on most electrocatalysts 
proceeds through the C2 pathway, leading to the formation of acetate as the final oxidation 
product;[171, 172] according to previous reports, at room temperature, the percentage of 




breaking the C-C bond is kinetically hindered.[167, 170, 173] It is very eager to explore the high 
activity electrocatalysts, going through the C1 pathway. 
The surface composition of Pt based electrocatalysts will have a great influence on its 
capability to split C-C bonds. For example, when Pt and Rh are introduced onto a SnO2 
surface, SnO2 could strongly adsorb H2O and interact with Pt and Rh to form M-OH, making 
it highly active for CH3CH2OH oxidation.
[174] Meanwhile, Rh atoms could form bonding to 
ethanol and intermediates, which will favour the C-C bond splitting. In a word, the synergistic 
reactions exist in such multicomponent systems, which could help improve the performance 
of these catalysts.[175] To evaluate the function of Rh, cubic PtRh with different atomic ratios 
of Pt to Rh were studied by Rao et al.[176] They demonstrated that the CO adsorption ability on 
Rh is strong, and Rh atoms in PtRh bimetallic nanomaterials could promote the breaking of 
the C-C bond of CH3CH2OH, and Pt1Rh1 showed higher activity and better performance 
towards the splitting of C-C bonds to complete CH3CH2OH oxidization into CO2 than other 
ratios of Pt to Rh, as shown in Figure 9b.   
Nevertheless, the production of Rh is extremely low, even lower than that of Pt. Rational 
design of electrocatalysts, which can reduce cost and simultaneously allow them to work via 
the C1 pathway, is a very profound objective for the ethanol oxidation reaction (EOR). It is 
widely believed that PtSn bimetallic catalysts are active towards CH3CH2OH electro-
oxidation, providing OHads to remove COads and CHx, ads, but inactive towards breaking the C-
C bond of CH3CH2OH to form CO2
[177, 178]. Nevertheless, Du et al.[179] found that, by 
controlling the surface PtSn to create Pt46-(SnO2)54 core−shell particles, CH3CH2OH could be 
electro-oxidized into CO2, and the rate of CO2 generation is 4.1 times that of commercial Pt/C, 
as shown in Figure 9c.  
PtPd[180-182], PtAu[183, 184], and PtW[185] bimetallic nanomaterials also were investigated for 




these bimetallic electrocatalysts to improve CH3CH2OH electro-oxidation are rare. It is a 
significant chance but challenge to explore the mechanisms of the surface composition of a 
bimetallic on ethanol electro-oxidation. In addition, not all Pt-rich surfaces of Pt-based 
bimetallics are able to assist splitting the C-C bond of CH3CH2OH. For example, although 
Pt3Co with a Pt-skin structure could improve the activity towards CH3CH2OH electro-
oxidation, in-situ FTIR and DFT results demonstrated that this Pt-skin structure mainly causes 
the reaction to go through C2 pathway: it promotes incomplete oxidation of CH3CH2OH over 
breaking the C-C bond, leading to higher CH3COOH production than CO2 generation.
[67] The 
core-shell bimetallic nanomaterials have drawn great deal of attention due to the fact that it 
could enhance their electrocatalytic activity resulting from the electronic effect and geometric 
effects.[186-188] For example, the Au-Pt core-shell nanowires, with various Pt shell thickness, 
have been introduced into ethanol electro-oxidation to improve Pt utilization.[189] It 
demonstrated that the highest ratio of Au : Pt as 2.6 : 1.0 (Au2.6Pt1.0) presented the best 
activity among these Au1.8Pt1.0, Au1.0Pt1.0, and Pt/C. The enhancement of ethanol electro-
oxidation of these Au-Pt core-shell nanowires could be attributed to the synergistic effect 
from the Au core, which also processed a better activity towards CO electro-oxidation. 
Further, Song et al[190] demonstrated that Au-Pt core-shell bimetallic nanomaterials with 
thicker Au cores showed better activity than that of thin Au cores towards ethanol electro-
oxidation in alkaline medium.  
 
4. Conclusions and prospects 
In this review, we have focused on recent progress made in controlling the surface 
composition of Pt-based bimetallic nanomaterials as electrocatalysts for the ORR, 
formic acid electro-oxidation, and ethanol electro-oxidation. The key concept of these 




nanoparticles with Pt surface segregation; another objective is to deepen understanding 
on electro-catalytic mechanisms of these PtM nanomaterials. On the basis of these 
results, we can draw the following conclusions: 
(1) There are two tactics to tune the surface composition of bimetallic nanomaterials: 
the chemical method and the electrochemical method. The chemical method is easy 
to realize large-scale production; and the electrochemical method can accurately 
control the reactive potentials.  
(2) The surface composition of bimetallic elelctrocatalysts has great effects on their 
performance. For the ORR, Pt-rich or Pt-skin PtM bimetallics could yield better 
activity and stability. In contrast, this structure may be unsuited for formic acid and 
ethanol electro-oxidation, because they would go through the dual pathway or 
incomplete oxidation mechanism on Pt-rich or Pt-skin structures.  
On the other hand, it is great potential to develop various strategies for controlling the 
surface composition of PtM bimetallic nanomaterials. Herein, we spotlight some 
insights into the current challenges and future directions. 
1. The controlled synthesis of PtM bimetallic nanomaterials with specific surface 
compositions and structures will be a very significant future direction. Both the 
chemical method and electrochemical method provide us with feasible strategies to 
tune the surface composition of PtM bimetallics, but the synthesis mechanisms 
remain unclear. The process of many reactions is controlled by both kinetic and 
thermodynamic effects; and our understanding of them is still at a nascent stage; 
because it is hard to measure the kinetic and thermodynamic parameters in practical 
synthesis. Surprisingly, in-situ TEM offers us an effective technique to observe the 
synthesis process for nanomaterials. Based on the in-situ instrument, we could 
obtain an in-depth understanding of the synthesis mechanism, leading to rational 




2. A bimetallic electrocatalyst is not perfect. In practical electrocatalytic reactions, a 
bimetallic electrocatalyst could effective improve the activity towards the ORR, but 
it may be poisoned for formic acid electro-oxidation. Part of the problem is that 
different electrochemical reactions take place via various reaction mechanisms; 
thus, they require bimetallic nanomaterials with specific electronic structures. The 
electrocatalytic reactions only take place on the surfaces of electrocatalysts; 
therefore, the electronic structure of the electrocatalyst surface could determine the 
mechanism or pathway during the reactions. As could be expected, DFT is 
becoming more and more powerful in predicting what electronic structure of 
bimetallic nanomaterials is required for a given reaction. Future studies should also 
focus on including DFT as powerful resource to design the surface composition of 
bimetallic nanomaterials.   
3. To date, there are numerous of studies on the application of PtM bimetallic 
nanomaterials as promising electrocatalysts, such as for the hydrogen evolution 
reaction (HER). We believe that rational design of the surface composition of 
various bimetallic nanomaterials extend their applications in different 
electrocatalytic reactions.   
 
Conflicts of interest 
In accordance with our policy on Conflicts of interest please ensure that a conflicts of 
interest statement is included in your manuscript here. Please note that this statement is 
required for all submitted manuscripts. If no conflicts exist, please state that “There are 






This research was supported by the Australian Research Council (ARC) 
(DE170100928), the Commonwealth of Australia through the Automotive Australia 
2020 Cooperative Research Centre (Auto CRC), and the Baosteel-Australia Joint 
Research and Development Center (Baosteel Grant no. BA14006). The authors 
acknowledge the use of the facilities at the UOW Electron Microscopy Centre funded 
by ARC grants (LE0882813 and LE0237478) and Dr. Tania Silver for her critical 
reading. 
References 
[1] Md. Tasbirul Islam, S. A. Shahir, T. M. Iftakhar Uddin, A. Z. A. Saifullah, Renew. Sustain. Energy Rev. 2014, 
39, 1074. 
[2] M. Armand, J. M. Tarascon, Nature 2008, 451, 652.  
[3] J. Potocnik, Science 2007, 315, 810.  
[4] T. R. Cook, D. K. Dogutan, S. Y. Reece, Y. Surendranath, T. S. Teets, D. G. Nocera, Chem. Rev. 2010, 110, 
6474. 
[5] G. J. K. Acres, J. Power Sources 2001, 100, 60.  
[6] E. Antolini, J. Power Sources 2007, 170,1.   
[7] C. Lamy, A. Lima, V. LeRhun, F. Delime, C. Coutanceau, J. M. Leger, J. Power Sources 2002, 105, 283. 
[8] F. Vigier, S. Rousseau, C. Coutanceau, J. M. Leger, C. Lamy, Top. Catal. 2006, 40, 111. 
[9] Y. Zhu, S. Y. Ha, R. I. Masel, J. Power Sources 2004, 130, 8. 
[10] L. Carrette, K. A. Friedrich, U. Stimming, Fuel Cells 2001, 1, 5. 
[11] M. Winter, R. J. Brodd, Chem. Rev. 2004, 104, 4245. 
[12] M. K. Debe, Nature 2012, 486, 43. 
[13] G. J. K. Acres, J. C. Frost, G. A. Hards, R. J. Potter, T. R. Ralph, D. Thompsett, G. T. Burstein, G. J. 
Hutchings, Catal. Today 1997, 38, 393. 
[14] A. Rabis, P. Rodriguez, T. J. Schmidt, ACS Catal. 2012, 2, 864. 
[15] K. Y. Chan, J. Ding, J. Ren, S. Cheng, K. Y. Tsang, J. Mater. Chem. 2004, 14, 505. 




[17] M. D. Maciá, E. Herrero, J. M. Feliu, A. Aldaz, J. Electroanal. Chem. 2001, 500, 498. 
[18] H. Igarashi, T. Fujino, Y. Zhu, H. Uchida, M. Watanabe, Phys. Chem. Chem. Phys. 2001, 3, 306. 
[19] C. Xu, P. K. Shen, Y. Liu, J. Power Sources 2007, 164, 527. 
[20] H. Wang, Z. Jusys, R. J. Behm, J. Phys. Chem. B 2004, 108, 19413. 
[21] X. Yu, S. Ye, J.  Power Sources 2007, 172, 133. 
[22] P. Strasser, S. Koh, C. Yu, ECS Transactions 2007, 11, 167. 
[23] J. Zhang, K. Sasaki, E. Sutter, R. R. Adzic, Science 2007, 315, 220. 
[24] Z. Chen, M. Waje, W. Li, Y. Yan, Angew. Chem. Int. Ed. 2007, 46, 4060. 
[25] M. Sankar, N. Dimitratos, P. J. Miedziak, P. P. Wells, C. J. Kiely, G. J. Hutchings, Chem. Soc. Rev., 2012, 
41, 8099. 
[26] T. Sheng, Y. F. Xu, Y. X. Jiang, L. Huang, N. Tian, Z. Y. Zhou, I. Broadwell, S. G. Sun, Acc. Chem. 
Res., 2016, 49, 2569. 
[27] K. D. Gilroy, A. Ruditskiy, H. C. Peng, D. Qin, Y. Xia, Chem. Rev., 2016, 116, 10414. 
[28]  H. Liao, A. Fisher, Z. J. Xu, Small, 2015, 11, 3221. 
[29] R. Ferrando, J. Jellinek, R. L. Johnston, Chem. Rev., 2008, 108, 845. 
[30] M. Escudero-Escribano, P. Malacrida, M. H. Hansen, U. G. Vej-Hansen, A. Velázquez-Palenzuela, V. 
Tripkovic, J. Schiøtz, J. Rossmeisl, I. E. L. Stephens, I. Chorkendorff, Science 2016, 352, 73. 
[31] M. K. Debe, Nature, 2012, 486, 43. 
[32] H. A. Gasteiger, N. M. Marković, Science, 2009, 324, 48. 
[33] K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Science 2009, 323, 760. 
[34] G. Wu, K. L. More, C. M. Johnston, P. Zelenay, Science 2011, 332, 443. 
[35] Y. Bing, H. Liu, L. Zhang, D. Ghosh, J. Zhang, Chem. Soc. Rev., 2010, 39, 2184. 
[36] S. Sui, X. Wang, X. Zhou, Y. Su, S. Riffat, C. j. Liu, J. Mater. Chem. A, 2017, 5, 1808. 
[37] Y. Zhou, K. Neyerlin, T. S. Olson, S. Pylypenko, J. Bult, H. N. Dinh, T. Gennett, Z. Shao, R. O'Hayre, 
Energy & Environ. Sci. 2010, 3, 1437. 
[38] J. H. Jang, E. Lee, J. Park, G. Kim, S. Hong, Y. U. Kwon, Sci. Rep., 2013, 3, 2872. 
[39] Q. Wang, S. Chen, F. Shi, K. Chen, Y. Nie, Y. Wang, R. Wu, J. Li, Y. Zhang, W. Ding, Y. Li, L. Li, Z. Wei, 
Adv. Mater.2016, 28, 10673. 
[40]  L. Bu, S. Guo, X. Zhang, X. Shen, D. Su, G. Lu, X. Zhu, J. Yao, J. Guo and X. Huang, Nat. Commun., 




[41] G. H. Wang, J. Hilgert, F. H. Richter, F. Wang, H. J. Bongard, B. Spliethoff, C. Weidenthaler, F. Schuth, 
Nat. Mater., 2014, 13, 293. 
[42] Z. C. Zhang, X. C. Tian, B. W. Zhang, L. Huang, F. C. Zhu, X. M. Qu, L. Liu, S. Liu, Y. X. Jiang, S. G. 
Sun, Nano Energy 2017, 34, 224. 
[43] L. Zou, J. Fan, Y. Zhou, C. Wang, J. Li, Z. Zou, H. Yang, Nano Research 2015, 8, 2777. 
[44] X. Zhao, S. Chen, Z. Fang, J. Ding, W. Sang, Y. Wang, J. Zhao, Z. Peng, J. Zeng, J. Am. Chem. Soc. 2015, 
137, 2804. 
[45] Y. Liao, G. Yu, Y. Zhang, T. Guo, F. Chang, C. J. Zhong, J. Phys. Chem. C, 2016, 120, 10476. 
[46] I. A. Khan, Y. Qian, A. Badshah, D. Zhao, M. A. Nadeem, ACS Appl. Mater. Interfaces, 2016, 8, 20793. 
[47] B. W. Zhang, C. L. He, Y. X. Jiang, M. H. Chen, Y. Y. Li, L. Rao, S. G. Sun, Electrochem. Commun., 
2012, 25, 105. 
[48] C. Wang, D. Li, M. Chi, J. Pearson, R. B. Rankin, J. Greeley, Z. Duan, G. Wang, D. van der Vliet, K. L. 
More, N. M. Markovic, V. R. Stamenkovic, J. Phys. Chem. Lett., 2012, 3, 1668. 
[49] V. Viswanathan, H. A. Hansen, J. Rossmeisl, J. K. Nørskov, ACS Catal., 2012, 2, 1654. 
[50] I. Epelboin, M. Keddam, J. C. Lestrade, Faraday Discuss. Chem. Soc. 1973, 56, 264. 
[51] N. Tian, Z. Y. Zhou, S. G. Sun, Y. Ding, Z. L. Wang, Science, 2007, 316, 732. 
[52] R. Loukrakpam, J. Luo, T. He, Y. Chen, Z. Xu, P. N. Njoki, B. N. Wanjala, B. Fang, D. Mott, J. Yin, J. 
Klar, B. Powell, C. J. Zhong, J. Phys. Chem. C, 2011, 115, 1682. 
[53] S. Alayoglu, P. Zavalij, B. Eichhorn, Q. Wang, A. I. Frenkel, P. Chupas, ACS Nano, 2009, 3, 3127. 
[54] B. Wu, N. Zheng, Nano Today 2013, 8, 168. 
[55] C. T. Campbell, Annu. Rev. Phys. Chem., 1990, 41, 775. 
[56] L. C. A. van den Oetelaar, O. W. Nooij, S. Oerlemans, A. W. Denier van der Gon, H. H. Brongersma, L. 
Lefferts, A. G. Roosenbrand, J. A. R. van Veen, J. Phys. Chem. B, 1998, 102, 3445. 
[57] P. L. Hansen, A. M. Molenbroek, A. V. Ruban, J. Phys. Chem. B, 1997, 101, 1861. 
[58] K. Sasaki, H. Naohara, Y. Cai, Y. M. Choi, P. Liu, M. B. Vukmirovic, J. X. Wang, R. R. Adzic, Angew. 
Chem. Int. Ed., 2010, 49, 8602. 
[59] A. Oh, Y. J. Sa, H. Hwang, H. Baik, J. Kim, B. Kim, S. H. Joo, K. Lee, Nanoscale, 2016, 8, 16379. 
[60] A. Oh, H. Baik, D. S. Choi, J. Y. Cheon, B. Kim, H. Kim, S. J. Kwon, S. H. Joo, Y. Jung, K. Lee, ACS 




[61] T. Shibata, B. A. Bunker, Z. Zhang, D. Meisel, C. F. Vardeman, J. D. Gezelter, J. Am. Chem. Soc., 2002, 
124, 11989. 
[62] M. Ahmadi, F. Behafarid, C. Cui, P. Strasser, B. R. Cuenya, ACS Nano 2013, 7, 9195. 
[63] H. Y. Kim, S. Cho, Y. J. Sa, S. M. Hwang, G. G. Park, T. J. Shin, H. Y. Jeong, S. D. Yim, S. H. Joo, Small 
2016, 12, 5347. 
[64] M. Bele, P. Jovanovic, A. Pavlisic, B. Jozinovic, M. Zorko, A. Recnik, E. Chernyshova, S. Hocevar, N. 
Hodnik, M. Gaberscek, Chem. Commun. 2014, 50, 13124. 
[65] B. W. Zhang, Y. X. Jiang, J. Ren, X. M. Qu, G. L. Xu, S. G. Sun, Electrochim. Acta, 2015, 162, 254. 
[66] D. Wang, H. L. Xin, R. Hovden, H. Wang, Y. Yu, D. A. Muller, F. J. DiSalvo, H. c. D.  Abruña, Nat. 
Mater., 2013, 12, 81. 
[67] B. W. Zhang, T. Sheng, Y. X. Wang, X. M. Qu, J. M. Zhang, Z. C. Zhang, H. G. Liao, F. C. Zhu, S. X. 
Dou, Y. X. Jiang, S. G. Sun, ACS Catal., 2017, 7, 892. 
[68] B. W. Zhang, Z. C. Zhang, H. G. Liao, Y. Gong, L. Gu, X. M. Qu, L. X. You, S. Liu, L. Huang, X. C. Tian, 
R. Huang, F. C. Zhu, T. Liu, Y. X. Jiang, Z. Y. Zhou, S. G. Sun, Nano Energy, 2016, 19, 198. 
[69] A. V. Ruban, H. L. Skriver, J. K. Norskov, Phys. Rev. B, 1999, 59, 15990. 
[70] S. Prabhudev, M. Bugnet, G.-Z. Zhu, C. Bock, G. A. Botton, ChemCatChem, 2015, 7, 3655. 
[71] P. G. Moses, L. C. Grabow, E. M. Fernandez, B. Hinnemann, H. Topsøe, K. G. Knudsen, J. K. Nørskov, 
Catalysis Letters 2014, 144, 1425. 
[72] A. Christensen, A. V. Ruban, P. Stoltze, K. W. Jacobsen, H. L. Skriver, J. K. Norskov, F. Besenbacher, 
Phys. Rev. B, 1997, 56, 5822. 
[73] J. Greeley, J. K. Nørskov, M. Mavrikakis, Annu. Rev. Phys. Chem., 2002, 53, 319. 
[74] J. Nørskov, J. Catal., 2002, 209, 275. 
[75] D. Y. Chung, S. W. Jun, G. Yoon, S. G. Kwon, D. Y. Shin, P. Seo, J. M. Yoo, H. Shin, Y. H. Chung, H. 
Kim, B. S. Mun, K. S. Lee, N. S. Lee, S. J. Yoo, D. H. Lim, K. Kang, Y. E. Sung, T. Hyeon, J. Am. Chem. 
Soc. 2015, 137, 15478. 
[76] M. Ahmadi, F. Behafarid, C. Cui, P. Strasser, B. R. Cuenya, ACS Nano, 2013, 7, 9195. 
[77] C. Tan, J. Chen, X. J. Wu, H. Zhang, Nat. Rev. Mater. 2018, 3, 17089. 
[78] N. T. K. Thanh, N. Maclean, S. Mahiddine, Chem. Rev., 2014, 114, 7610. 
[79] Y. Bing, H. Liu, L. Zhang, D. Ghosh, J. Zhang, Chem. Soc. Rev., 2010, 39, 2184. 
[80] H. X. Lin, L. Chen, D. Y. Liu, Z. C. Lei, Y. Wang, X. S. Zheng, B. Ren, Z. X. Xie, G. D. Stucky, Z. Q. Tian, 




[81] H. X. Lin, Z. C. Lei, Z. Y. Jiang, C. P. Hou, D. Y. Liu, M. M. Xu, Z. Q. Tian, Z. X. Xie, J. Am. Chem. Soc. 
2013, 135, 9311. 
[82] Z. Niu, N. Becknell, Y. Yu, D. Kim, C. Chen, N. Kornienko, G. A. Somorjai, P. Yang, Nat. Mater., 2016, 
15, 1188. 
[83] Z. Xu, C. E. Carlton, L. F. Allard, Y. Shao-Horn, K. Hamad-Schifferli, J. Phys. Chem. Lett., 2010, 1, 2514. 
[84] L. Bu, N. Zhang, S. Guo, X. Zhang, J. Li, J. Yao, T. Wu, G. Lu, J.-Y. Ma, D. Su, X. Huang, Science 2016, 
354, 1410. 
 [85] Z. Qi, C. Xiao, C. Liu, T. W. Goh, L. Zhou, R. Maligal-Ganesh, Y. Pei, X. Li, L. A. Curtiss, W. Huang, J. 
Am. Chem. Soc., 2017, 139, 4762. 
[86] Y. Xu, B. Zhang, Chem. Soc. Rev., 2014, 43, 2439. 
[87] J. Wu, H. Yang, Acc. Chem. Res., 2013, 46, 1848. 
[88] A. L. Strickler, A. Jackson, T. F. Jaramillo, ACS Energy Lett., 2017, 2, 244. 
[89] J. Xu, M. Zhao, S. i. Yamaura, T. Jin, N. Asao, J. Appl. Electrochem. 2016, 46, 1109. 
[90] H. Zhang, Y. Yin, Y. Hu, C. Li, P. Wu, S. Wei,C. Cai, J. Phys. Chem. C, 2010, 114, 11861. 
[91] C. Chen, Y. J. Kang, Z. Y. Huo, Z. W. Zhu, W. Y. Huang, H. L. L. Xin, J. D. Snyder, D. G. Li, J. A. 
Herron, M. Mavrikakis, M. F. Chi, K. L. More, Y. D. Li, N. M. Markovic, G. A. Somorjai, P. D. Yang, V. 
R. Stamenkovic, Science, 2014, 343, 1339. 
[92] P. Wang, K. Jiang, G. Wang, J. Yao, X. Huang, Angew. Chem. Int. Ed., 2016, 55, 12859. 
[93] C. Wang, M. Chi, D. Li, D. Strmcnik, D. van der Vliet, G. Wang, V. Komanicky, K.-C. Chang, A. P. 
Paulikas, D. Tripkovic, J. Pearson, K. L. More, N. M. Markovic, V. R. Stamenkovic, J. Am. Chem. Soc., 
2011, 133, 14396. 
[94] F. J. Lai, W. N. Su, L. S. Sarma, D. G. Liu, C. A. Hsieh, J. F. Lee, B. J. Hwang, Chem. Eur. J., 2010, 16, 
4602. 
[95] D. Wang, Y. Yu, H. L. Xin, R. Hovden, P. Ercius, J. A. Mundy, H. Chen, J. H. Richard, D. A. Muller, F. J. 
DiSalvo, H. D. Abruña, Nano Lett., 2012, 12, 5230. 
[96] R. Srivastava, P. Mani, N. Hahn, P. Strasser, Angew. Chem., Int. Ed., 2007, 46, 8988. 
[97] S. Koh, P. Strasser, J. Electrochem. Soc., 2010, 157, B585. 
[98] H. Yang, Angew. Chem., Int. Ed., 2011, 50, 2674. 
[99] H. Zhang, M. Jin, Y. Xia, Chem. Soc. Rev., 2012, 41, 8035. 
[100] M. B. Vukmirovic, J. Zhang, K. Sasaki, A. U. Nilekar, F. Uribe, M. Mavrikakis, R. R. Adzic, 




[101] S. Koh, P. Strasser, J. Am. Chem. Soc., 2007, 129, 12624. 
[102] J. Zhang, F. H. B. Lima, M. H. Shao, K. Sasaki, J. X. Wang, J. Hanson, R. R. Adzic, J. Phys. Chem. B, 
2005, 109, 22701. 
[103] F. Maillard, G. Q. Lu, A. Wieckowski, U. Stimming, J. Phys. Chem. B, 2005, 109, 16230. 
[104] N. Kakati, S. H. Lee, J. Maiti, Y. S. Yoon, Surface Science, 2012, 606, 1633. 
[105] M. Duca, J. Kightley, S. Garbarino, D. Guay, J. Phys. Chem. C, 2017, 121, 15233. 
[106] M. Watanabe, S.  Motoo,  J. Electroanal. Chem. 1975, 60, 275. 
[107] H. X. Liu, N.  Tian, M. P.  Brandon, Z. Y.  Zhou, J. L.  Lin, C.  Hardacre, W. F.  Lin, S. G.  Sun,  ACS 
Catal. 2012, 2, 708. 
[108] N. Tian, J.  Xiao, Z. Y. Zhou, H. X.  Liu, Y. J.  Deng, L.  Huang, B. B.  Xu, S. G.  Sun,   Faraday 
Discuss. 2013, 162, 77. 
[109] A. Lopez-Cudero, F. J. Vidal-Iglesias, J. Solla-Gullon, E. Herrero, A. Aldaz,J. M. Feliu, Phys. Chem. 
Chem. Phys., 2009, 11, 416. 
[110] C. H. Cui, L. Gan, M. Heggen, S. Rudi, P. Strasser, Nat. Mater., 2013, 12, 765. 
[111] L. Gan, M. Heggen, S. Rudi, P. Strasser, Nano Lett., 2012, 12, 5423. 
[112]  M. Oezaslan, M. Heggen, P. Strasser, J. Am. Chem. Soc., 2012, 134, 514. 
[113] Y. Li, Y. Li, E. Zhu, T. McLouth, C. Y. Chiu, X. Huang, Y. Huang, J. Am. Chem. Soc. 2012, 134, 12326. 
[114] G. Wang, B. Huang, L. Xiao, Z. Ren, H. Chen, D. Wang, H. D. Abruna, J. Lu, L. Zhuang, J. Am. Chem. 
Soc. 2014, 136, 9643. 
[115] L. Lai, J. R. Potts, D. Zhan, L. Wang, C. K. Poh, C. Tang, H. Gong, Z. Shen, J. Lin, R. S. Ruoff, Energy  
Environ. Sci. 2012, 5, 7936. 
[116] G. Wu, K. L. More, C. M. Johnston, P. Zelenay, Science 2011, 332, 443. 
[117] H. S. Wroblowa, P. Yen Chi, G. Razumney, J. Electroanal. Chem., 1976, 69, 195. 
[118] J. Wu, H. Yang, Acc. Chem. Res., 2013, 46, 1848. 
[119] J. K. Nørskov, T. Bligaard, J. Rossmeisl, C. H. Christensen, Nat. Chem., 2009, 1, 37. 
[120]  V. Stamenković, T. J. Schmidt, P. N. Ross, N. M. Marković, J. Phys. Chem. B, 2002, 106, 11970. 
[121]  V. R. Stamenkovic, B. S. Mun, K. J. J. Mayrhofer, P. N. Ross, N. M. Markovic, J. Am. Chem. Soc., 2006, 
128, 8813. 
[122] V. R. Stamenkovic, B. S. Mun, M. Arenz, K. J. J. Mayrhofer, C. A. Lucas, G. Wang, P. N. Ross, N. M. 
Markovic, Nat. Mater., 2007, 6, 241. 




[124] J. Greeley, I. E. Stephens, A. S. Bondarenko, T. P. Johansson, H. A. Hansen, T. F. Jaramillo, J. Rossmeisl, 
I. Chorkendorff, J. K. Norskov, Nat. Chem., 2009, 1, 552. 
[125] H. Xin, A. Vojvodic, J. Voss, J. K. Nørskov, F. Abild-Pedersen, Phys. Rev. B, 2014, 89. 
[126] V. Stamenkovic, B. S. Mun, K. J. J. Mayrhofer, P. N. Ross, N. M. Markovic, J. Rossmeisl, J. Greeley, J. 
K. Nørskov, Angew. Chem., Int. Ed., 2006, 45, 2897. 
[127] V. R. Stamenkovic, B. Fowler, B. S. Mun, G. F. Wang, P. N. Ross, C. A. Lucas, N. M. Markovic, Science, 
2007, 315, 493. 
[128] X. Q. Huang, Z. P. Zhao, L. Cao, Y. Chen, E. B. Zhu, Z. Y. Lin, M. F. Li, A. M. Yan, A. Zettl, Y. M. 
Wang, X. F. Duan, T. Mueller, Y. Huang, Science, 2015, 348, 1230. 
[129] X. Yu, P. G. Pickup, J. Power Sources 2008, 182, 124. 
[130] C. Rice, S. Ha, R. I. Masel, A. Wieckowski, J. Power Sources 2003, 115, 229. 
[131] W. Huang, X.-Y. Ma, H. Wang, R. Feng, J. Zhou, P. N. Duchesne, P. Zhang, F. Chen, N. Han, F. Zhao, J. 
Zhou, W.-B. Cai, Y. Li, Adv. Mater. 2017, 29,1703057. 
[132] X. Li and I. M. Hsing, Electrochim. Acta, 2006, 51, 3477. 
[133]  C. Jung, C. M. Sánchez-Sánchez, C.-L. Lin, J. Rodríguez-López, A. J. Bard, Anal. Chem., 2009, 81, 7003. 
[134] A. S. Bauskar, C. A. Rice, Electrochim. Acta, 2013, 93, 152. 
[135] C. X. Guo, L. Y. Zhang, J. Miao, J. Zhang, C. M. Li, Adv. Energy Mater., 2013, 3, 167. 
[136] J. Chang, L. Feng, C. Liu, W. Xing, X. Hu, Angew. Chem. Int. Ed., 2014, 53, 122. 
[137] US Code of Federal Regulations, 21 CFR 186.1316. 
[138] US Code of Federal Regulations, 21 CFR 172.515 
[139] E. Casado-Rivera, Z. Gál, A. C. D. Angelo, C. Lind, F. J. DiSalvo, H. D. Abruña, ChemPhysChem, 2003, 
4, 193. 
[140] N. Markovic, H. Gasteiger, P. Ross, X. Jian, I. Villegas, M. Weaver., Electrochim. Acta, 1995, 40 , 91. 
[141] S. Park, Y. Xie, M. J. Weaver, Langmuir, 2002, 18, 5792-5798. 
[142] E. Leiva, T. Iwasita, E. Herrero, J. M. Feliu, Langmuir, 1997, 13, 6287. 
[143] D. Volpe, E. Casado-Rivera, L. Alden, C. Lind, K. Hagerdon, C. Downie, C. Korzeniewski, F. J. DiSalvo , 
H. D. Abruña, J. Electrochem. Soc., 2004, 151, A971. 
[144] D. R. Blasini, D. Rochefort, E. Fachini, L. R. Alden, F. J. DiSalvo, C. R. Cabrera, H. D. Abruña, Surf. Sci., 
2006, 600, 2670. 
[145]  A. López-Cudero, F. J. Vidal-Iglesias, J. Solla-Gullón, E. Herrero, A. Aldaz, J. M. Feliu, J. Electroanal. 




[146] Q.-S. Chen, Z.-Y. Zhou, F. J. Vidal-Iglesias, J. Solla-Gullón, J. M. Feliu, S.-G. Sun, J. Am. Chem. Soc., 
2011, 133, 12930. 
[147] X. L. Ji, K. T. Lee, R. Holden, L. Zhang, J. J. Zhang, G. A. Botton, M. Couillard, L. F. Nazar, Nat. Chem., 
2010, 2, 286. 
[148] J. V. Perales-Rondón, A. Ferre-Vilaplana, J. M. Feliu, E. Herrero, J. Am. Chem. Soc., 2014, 136,13110. 
[149] J.-Y. Lee, D.-H. Kwak, Y.-W. Lee, S. Lee, K.-W. Park, Phys. Chem. Chem. Phys., 2015, 17, 8642.. 
[150] A. M. Baena-Moncada, G. M. Morales, C. Barbero, G. A. Planes, J. Florez-Montano, E. Pastor, Catalysts, 
2013, 3, 902. 
[151] L. G. Feng, F. Z. Si, S. K. Yao, W. W. Cai, W. Xing, C. P. Liu, Catal. Commun., 2011, 12, 772. 
[152] D.-J. Chen, Z.-Y. Zhou, Q. Wang, D.-M. Xiang, N. Tian, S.-G. Sun, Chem. Commun., 2010, 46, 4252. 
[153] Z. Li, M. Li, M. Han, J. Zeng, Y. Li, Y. Guo, S. Liao, J. Power Sources, 2014, 254, 183. 
[154] H. Yang, L. Dai, D. Xu, J. Fang, S. Zou, Electrochim. Acta, 2010, 55, 8000. 
[155] D. Xu, S. Bliznakov, Z. Liu, J. Fang, N. Dimitrov, Angew. Chem. Int. Ed., 2010, 49, 1282. 
[156] J. Jiang, A. Kucernak, J. Electroanal. Chem., 2009, 630, 10. 
[157] J. H. Choi, K. J. Jeong, Y. Dong, J. Han, T. H. Lim, J. S. Lee, Y. E. Sung, J. Power Sources, 2006, 163, 71. 
[158] S. Zhang, Y. Shao, G. Yin, Y. Lin, J. Power Sources, 2010, 195, 1103. 
[159] M. Xiao, S. Li, J. Zhu, K. Li, C. Liu, W. Xing, ChemPlusChem, 2014, 79, 1123. 
[160] C. Hu, Y. Zhao, H. Cheng, Y. Hu, G. Shi, L. Dai, L. Qu, Chem. Commun., 2012, 48, 11865. 
[161] Y. Kang, L. Qi, M. Li, R. E. Diaz, D. Su, R. R. Adzic, E. Stach, J. Li, C. B. Murray, ACS Nano, 2012, 6, 
2818. 
[162] M. Liu, R. Zhang, W. Chen, Chem. Rev., 2014, 114, 5117. 
[163] Y.-G. Guo, J.-S. Hu, L.-J. Wan, Adv. Mater., 2008, 20, 2878. 
[164] Z. Wu, Y. Lv, Y. Xia, P. A. Webley, D. Zhao, J. Am. Chem. Soc., 2012, 134, 2236. 
[165] X. H. Xia, H. D. Liess, T. Iwasita, J. Electroanal. Chem., 1997, 437, 233. 
[166] S. C. S. Lai, M. T. M. Koper, Phys. Chem. Chem. Phys., 2009, 11, 10446. 
[167] Y. Wang, S. Zou, W.-B. Cai, Catalysts, 2015, 5, 1507. 
[168] M. Heinen, Z. Jusys,  R. J. Behm, J. Phys. Chem. C, 2010, 114, 9850. 
[169] M. Li, P. Liu, R. R. Adzic, J. Phys. Chem. Lett., 2012, 3, 3480. 
[170] W. Huang, X.-Y. Ma, H. Wang, R. Feng, J. Zhou, P. N. Duchesne, P. Zhang, F. Chen, N. Han, F. Zhao, J. 
Zhou, W.-B. Cai, Y. Li, Adv. Mater. 2017, 29, 1703057. 




[172] J.-Y. Ye, Y.-X. Jiang, T. Sheng, S.-G. Sun, Nano Energy, 2016, 29, 414. 
[173] L. Jiang, L. Colmenares, Z. Jusys, G. Q. Sun, R. J. Behm, Electrochim. Acta, 2007, 53, 377. 
[174] A. Kowal, M. Li, M. Shao, K. Sasaki. M. B. Vukmirovic, J. Zhang, N. S. Marinkovic, P. Liu, A. I. 
Frenkel, R. R. Adzic, Nat. Mater., 2009, 8, 325. 
[175] N. Erini, R. Loukrakpam, V. Petkov, E. A. Baranova, R. Yang, D. Teschner, Y. Huang, S. R. Brankovic, 
P. Strasser, ACS Catal., 2014, 4, 1859. 
[176] L. Rao, Y.-X. Jiang, B.-W. Zhang, Y.-R. Cai and S.-G. Sun, Phys. Chem. Chem. Phys., 2014, 16, 13662. 
[177]  C. Lamy, E. M. Belgsir and J. M. Léger,  J. Appl. Electrochem., 2001, 31, 799. 
[178]  W. Zhou, Z. Zhou, S. Song, W. Li, G. Sun, P. Tsiakaras and Q. Xin, Appl. Catal. B: Environ., 2003, 46, 
273. 
[179] W. Du, G. Yang, E. Wong, N. A. Deskins, A. I. Frenkel, D. Su and X. Teng, J. Am. Chem. Soc., 2014, 136, 
10862. 
[180]  X. Chen, Z. Cai, X. Chen and M. Oyama, J. Mater. Chem. A, 2014, 2, 315. 
[181]  F. Ren, H. Wang, C. Zhai, M. Zhu, R. Yue, Y. Du, P. Yang, J. Xu, W. Lu, ACS Appl. Mater. Interfaces, 
2014, 6, 3607. 
[182]  X. Yang, Q. Yang, J. Xu, C.-S. Lee, J. Mater. Chem., 2012, 22, 8057. 
[183]  W. Zhou, M. Li, L. Zhang, S. H. Chan, Electrochim. Acta, 2014, 123, 233. 
[184] C. Zhang, A. Zhu, R. Huang, Q. Zhang, Q. Liu, Int. J. Hydrogen Energy, 2014, 39, 8246. 
[185]  D.-Y. Zhang, Z.-F. Ma, G. Wang, K. Konstantinov, X. Yuan and H.-K. Liu, Electrochem. Solid St., 2006, 
9, A423. 
[186] N. Kristian, X. Wang, Electrochem. Commun. 2008, 10, 12. 
[187] J. Luo, L. Wang, D. Mott, P. N. Njoki, Y. Lin, T. He, Z. Xu, B. N. Wanjana, I. I. S. Lim, C.-J. Zhong, Adv. 
Mater. 2008, 20, 4342. 
[188] J. Liu, H. Q. Yang, F. Kleitz, Z. G. Chen, T. Yang, E. Strounina, G. Q. Lu, S. Z. Qiao, Adv. Funct. Mater. 
2012, 22, 591. 
[189] Y. Lee, J. Kim, D. S. Yun, Y. S. Nam, Y. Shao-Horn, A. M. Belcher, Energy Environ. Sci. 2012, 5, 8328. 





H2PtCl6  and NiCl2
H2











Figure 1. a) a schematic illustration of CTTM method to prepare Pt-skin structure of 
Pt3Ni/PC: The precursors H2PtCl6 and NiCl2 precursors was mixed with porous 
graphitic carbon; then the mixture was reduced by H2. Reproduced with permission.
[62] 
Copyright (2015), Elsevier Ltd. b) Atomic-resolution ADF-STEM image of 2-3 
atomic-layer Pt-shell of Pt3Co/C after Richardson-Lucy deconvolution (the yellow 
arrows indicates this nanoparticles exist a Pt-rich shell). There is a smaller nanopartice 
overlaps the lager nanopartices in the lower left. The unit cell with inset this project 
demonstrate that it along the [001]. c) The diffractogram image of this 
nanoparticle. d) A group of super lattice of this nanoparticle. e) the simulated image 
of ordered Pt3Co along [001] axis from the ADF-STEM image in b. f) the idealized 
nanoparticle multislice simulated from ADF-STEM image of this nanopartice in 




and blue spheres in e,g present Pt and Co atoms, respectively. Reproduced with 
permission.[60] Copyright 2015, Nature Publishing Group. h) Schematic synthesis 


















Figure 2. a) The schematic illustration of the four representative stages, corresponding 
with obtained TEM images of these four samples during the evolution process from 
PtNi3 polyhedra to Pt3Ni nanoframes: first solid PtNi3 polyhedra (A), then PtNi 
intermediate (B), and the hollow Pt3Ni nanoframe (C); finally annealed Pt3Ni 




Reproduced with permission.[70] Copyright (2014), The American Association for the 
Advancement of Science. b) 1–6, HAADF-STEM and EDS mapping images of the 
nanoparticles with various growth times of 3 min (1), 10 min (2) and 30 min (3), and 
their corresponding chemically corroded products (4–6). In the 3 min stage, the bright 
signal in the HAADF-STEM image indicates the Pt-rich arms. For the 10 min stage 
and 30 min stage, the bright signal in the HAADF-STEM image demonstrates it 
processes Pt-rich edges of the dodecahedron and it is constructing the nanoframe. As 
for the EDS mapping images, the green indicates Pt element, and the red present Ni 
element. It could demonstrate that Ni element is distributed in all first three types: 3 
min stage, 10 min stage and 30 stage; Pt element is dispersed in the arms. The scale bar 
in all images is 6 nm. Reproduced with permission.[75] Copyright 2016, Nature 
Publishing Group. c) The HAADF-STEM images with corresponding their theoretical 
simulation of PtNi/C in different evolution: (1) the representative HAADF-STEM 
images along the [110] axis; (2) the intensity line analysis, with background subtracted, 
extracted from the regions as marked in HAADF-STEM images; (3) composition line 
analysis (normalized from the Pt–L peaks) obtained by EDX scanning across these 
individual nanoparticles; (4) the overview of these nanoparticle at different evolution; 
and (5) the cross-sectional views of the nanoparticles, as describe by an atomistic 
nanoparticle simulation. The as-prepared (left) nanoparticle, then the acid treated 
(middle), finally the acid treated/annealed (right) of PtNi/C nanocatalysts in the figure 
is also organized in columns, respectively. Reproduced with permission. [81] Copyright 








Figure 3. a) a model for the synthesis of Pt monolayer catalysts on non-noble-metal – 
noble-metal core–shell nanoparticles. Reproduced with permission.[90] Copyright 
(2005), American Chemical Society. b) a schematic illustration of these 
PtxNi1−x nanoparticles surface and morphology varys after the electrochemical 
activation (numberic potential cycles) and electrochemical stability tests corresponding 








Figure 4. a) Structural models (bottom) and corresponding elemental line scans along 
the lines shown in the insets (top) of core–shell fine structures of dealloyed PtxNi1–x 
catalysts with distinctly different compositions. Reproduced with permission.[59] 
Copyright (2012), American Chemical Society. b) Illustration of the evolution of the 
size-dependent morphology and composition of dealloyed Pt–Cu and Pt–Co particle 













Figure 5. a) reaction pathways proposed for the ORR. Reproduced with permission.[105] 
Copyright (1976), Elsevier Ltd. b) schematic illustration of free energy levels of the 
ORR taking place on a Pt (111) surface via three different mechanisms at 0.8 V. 









Figure 6. a) the electrochemical activity v.s. the d-band center related to Pt. The black 
colour presents thae electrochemical activity expected from DFT resultes, and the red 
colour presents the expermiental measured electrochemial activity. Reproduced with 
permission. [114] Copyright (2006), WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. b) an effect of the electronic surface properties and surface morphology on 
the kinetics of the ORR. The comparison of Pt3Ni (hkl) surfaces with the 
corresponding Pt (hkl) surfaces (the electrochemical specific activity of pure Pt is 
marking as a horizontal dashed gray line). The electrochemical specific activity is 
expressed as ik (a kinetic current density) measured at 0.9 V v.s. RHE reference 
electrode. The d-band center position of these Pt3Ni (hkl) and Pt (hkl) surfaces surfaces 
are measured from ultraviolet photoelectron spectroscopy (UPS) spectra, which are 
listed in the lowest to be compared. Reproduced with permission.[115] Copyright (2007), 




performance of these transition metal (M) doped octahedral Pt3Ni/C electrocatalysts 
corresponding with the commercial Pt/C electrocatalyst: (A) Cyclic voltammograms (CVs) of 
Mo‐Pt3Ni/C, Pt3Ni/C, and Pt/C electrocatalysts carried out at room temperature in 
N2‐saturated 0.1 M HClO4 media, the scanning rate of 100 mV/s. (B) the ORR performance 
of Mo‐Pt3Ni/C, Pt3Ni/C, and Pt/C nanocatalysts carried out at room temperature in an 
O2‐saturated 0.1 M HClO4 solution, with a rotation rate of 1600 r.p.m. and a sweep rate of 10 
mV/s (C) The different kinetic current densities activity at 0.9 V for these various transition 
M doped Pt3Ni/C nanocatalysts: the top is electrochemically active surface area (ECSA), the 
middle is specific activity, and the bottom is mass activity, which are normalized to the ECSA 
and the mass of Pt given, respectivity. (D) the Ni1175Pt3398 NC and (E) the 
Mo73Ni1143Pt3357 NC are the mean site occupancies of the second layer of, which are 
determined by the Monte Carlo simulation. The color triangle of the occupancies are shown 
on the right. The outer layer is shown in small spheres. (F) The binding energies for the single 
oxygen atom on these fcc and hcp sites in the Mo6Ni41Pt178 NC (111), related to the lowest 
binding energy. Pt atom is shown in gray spheres, and oxygen sites are shown in colored 
spheres. (G) The tranforming binding energies from the Ni47Pt178 NC is substitued by Mo 
atoms, formaiton a Mo6Ni41Pt178 NC, corresponding to the energetically favored sites in the 
second layer. Reproduced with permission. [116] Copyright (2015), the American Association 












Figure 7. a) CVs of catalysts in 0.1 M HClO4, 50 mV s
-1: (A) Pt/C, (D) PtBi intermetallic and 
(G) Bi-rich surface of PtBi intermetallic; CVs of formic acid electro-oxidation on three 
nanocatalysts before (black) and after (red) 3600 s j-t curves at -0.05 V in 0.1 M 
HCOOH + 0.1 M HClO4, 10 mV s
-1: (B) Pt/C, (E) PtBi intermetallic and (H) Bi-rich surface 
of PtBi intermetallic; in situ FTIR spectra of three nanocatalysts for formic acid electro-
oxidation (C) Pt/C. (F) PtBi intermetallic. (I) Bi-rich surface of PtBi intermetallic. ER = -
0.25 V, and ES were changed from -0.20 to 0.90 V with a 0.1 V interval. Reproduced with 
permission.[59] Copyright (2015), Elsevier Ltd. b) HCOO fragment adsorbed on the Bi-
Pt(111) surface (above) and final products in the oxidation of formic acid (below). 





Ni-rich of Pt3Ni Pt3Ni alloy 




Figure 8. a-c) the model of Pt-skin of Pt3Ni/PC, Pt3Ni alloy and Ni-rich of Pt3Ni/PC. d-f) in-
situ FTIR spectra of three nanocatalysts for formic electro-oxidation in 0.1 M HClO4 + 0.1 M 
HCOOH solution on Pt-skin of Pt3Ni/PC, Pt3Ni alloy and Ni-rich of Pt3Ni/PC. ER = −0.25 V, 




mass activities for Pt/C, Ni-rich of Pt3Ni/PC, Pt3Ni alloy and Pt-skin of Pt3Ni/PC at 0.9 V 
















Figure 9. a) The proposed reaction mechanism for CH3CH2OH electro-oxidation on pure Pt 
catalyst. Reproduced with permission.[147] b) Comparison of (A) CVs and (B) j–t carried out 
at 0.3 V with various atomic ratio PtxRhy/GN (GN = graphene) and Pt/C catalysts, in 0.1 M 
CH3CH2OH + 0.1 M HClO4 solution at room temperature and with a sweep rate of 50 mV s
−1; 
(C) in-situ single potential alteration FTIR spectra of CH3CH2OH electro-oxidation for 
PtxRhy/GN and Pt/C catalysts, ER = −0.25 V, ES = 0.6 V, in 0.1 M CH3CH2OH + 0.1 M 
HClO4 solution; (D) the ratio between integrated intensity CO2 (complete oxidation pathway) 
and intensity CH3COOH (partial oxidation pathway) as a function of  the different potential 
for various electrocatalysts. Reproduced with permission.[156] Copyright (2014), The Royal 
Society of Chemistry. c) CO2 microelectrode responses in various CO2 gas environments 
(left); and ECSA-specific partial pressure of CO2 (PCO2) of Pt/Sn and Pt catalysts (right). 
Reproduced with permission.[159] Copyright (2014), American Chemical Society. 
 
 
